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ARTICLE INFO ABSTRACT

Keywords: Histamine (HA) is a biogenic amine that can accumulate to high concentration levels in food as a result of
Histamine microbial activity and can cause toxic effects in consumers. In this work, a portable electrochemical
Immunosensor

immunosensor capable of detecting HA with high sensitivity and selectivity was developed. Prussian blue-
chitosan-gold nanoparticle (PB-CS-AuNP) nanocomposite films with excellent biocompatibility were synthe-
sized and characterized by scanning electron microscopy and energy dispersive X-ray analysis. The PB-CS-
AuNP were coated onto a screen-printed electrode by one-step electrodeposition and used to conjugate the HA
ovalbumin conjugate (HA-Ag). HA was determined by a competition between the coating HA-Ag and the HRP
labeled HA antibody (HRP-HA-AD). After careful optimization of assay conditions and Box-Behnken analysis,
the developed immunosensor showed a linear range from 0.01 to 100 pg/mL for HA in fish samples. The
average recoveries from spiked samples ranged from 97.25% to 105%. The biosensor also showed good
specificity, reproducibility, and stability, indicating its potential application in monitoring HA in a simple and
low cost manner.

Prussian blue-chitosan-gold nanoparticles
Food analysis

expensive, while the fluorometric method does not meet the require-
ments of sensitivity for quantitative determination. Antibody based

1. Introduction

Histamine (HA), 4-(2-aminoethyl)-1H-imidazole, is one of the most
important biogenic amines in relation to allergies and food poisonings.
It is released from mast cells, basophils, and a vast array of other cells
including normal and malignant lymphocytes (Jiang et al., 2015; An
et al., 2016). HA is related to the spoiling of food (including meat, eggs,
chocolate, cheese, and wine) and is the leading cause of foodborne
illness associated with the consumption of fish containing high levels of
HA (Stratton et al., 1991). Therefore, HA is used as an indicator of food
preservation and quality assurance in consumable products
(Martuscelli et al., 2013; Pérez et al., 2013).

Various analytical methods have been developed to separate and
measure the content of HA. The most common analysis techniques
include the fluorometric method (Ough, 1971), high-performance
liquid chromatography (HPLC) (Romero-Gonzélez et al., 2012; Chen
et al., 2016), and gas chromatography (GC) (Hwang et al., 2003). The
instrumental methods such as HPLC and GC are laborious and

immunoassays, such as the enzyme-linked immunosorbent assay
(ELISA), have been proven to be rapid, sensitive, and low-cost screen-
ing tools for chemical residue analysis. Several ELISAs have been
developed for HA (usually specific for a derivative of HA) in blood or
food samples (Rauch et al., 1992; Serrar et al., 1995). We have
produced a monoclonal antibody against a novel HA derivative and
developed an ELISA method for the analysis of HA in food samples
(Luo et al., 2014).

As an alternative to traditional ELISAs, biosensors can be attractive
analytical tools offering fast and reduced analysis time methods, while
still demonstrating adequate selectivity and sensitivity. Several electro-
chemical biosensors (Pérez et al., 2013; Dai et al., 2014; Jiang et al.,
2015; Veseli et al., 2016) have been reported for the determination of
HA. Most of these biosensors are based on enzymes or nanozymes
(such as diamine oxidase). However, the specificity cannot be guaran-
teed with these biosensors since the enzyme can simultaneously
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catalyze HA and its analogues. Immunosensors have superior char-
acteristics due to the high sensitivity and good specificity of antibody-
antigen interactions (J. Zhang et al., 2016; Y. Zhang et al., 2016; Z.
Zhang et al., 2016).

Nanomaterials are often used to improve the sensitivity of biosen-
sors by amplifying their conductivity, catalytic activity, and biocompat-
ibility signals (Ma et al., 2013; Song et al., 2016). Prussian blue (PB)
exhibits good electrocatalytic activity (W. Wang et al., 2014) and PB-
based nanocomposites are primarily used for the immobilization of
enzymes to fabricate an enzymatic biosensor (Zhang et al., 2011; Wang
et al., 2012; B. Wang et al., 2014). Gold nanoparticles (AuNPs) can
better facilitate electron transfer and produce signal amplification for
electrochemical detection as a sensor platform (Miao et al., 2016).
However, the unique structure and remarkable advantages of using PB-
AuNP for immunosensors and biosensing applications have not yet
been recognized.

In this work, a sensitive and selective electrochemical immunosen-
sor was constructed to detect HA by assembling a PB-CS-AuNP
nanocomposite film on a screen-printed carbon electrode (SPCE) to
capture HA-Ag and HRP-HA-AD as the signal label. After careful study
of the assay conditions, the constructed immunosensor then had the
appropriate sensitivity and selectivity to determine HA in fish samples
by the catalytic reaction between HRP and H,0,, using hydroquinone
(HQ) as an electron mediator.

2. Materials and methods
2.1. Reagents

HA dihydrochloride, r-histidine, tryptamine hydrochloride, tyra-
mine hydrochloride, phenethylamine hydrochloride, cadaverine hydro-
chloride, methyl 4-(chlorocarbonyl)benzoate, p-nitrobenzoic acid, and
triethylamine were obtained from Aladdin Chemical Technology Co.,
Ltd. (Shanghai, China). Gold (III) chloride tetrahydrate (AuCls-HCI-
4H,0, 99.9%) was obtained from the Shanghai Chemical Reagent Co.,
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Ltd. (Shanghai, China) HRP was obtained from Roche (Shanghai,
China). HA-antibody (HA-Ab) and HA-antigen (HA-Ag) were prepared
in our laboratory. All other chemicals were of analytical grade or better
and used as received without further purification.

Buffers and solutions used in this work can be found in the
Supporting materials.

2.2. Apparatus

Electrochemical measurements were performed on a CHI660D
electrochemical work station (CH Instruments, Shanghai Chenhua
Instrument Corporation, Shanghai, China) with a portable commercial
screen-printed carbon electrode (SPCE, Zensor R & D, Taiwan), which
consisted of a carbon working electrode (3 mm diameter), a carbon
auxiliary electrode and an Ag/AgCl reference electrode. Scanning
electron microscopy (SEM) was carried out on a field emission
scanning electron microscope, JSM-6700F (JEOL USA, Inc.,
Peabody, MA, USA). The UV-vis spectra were performed using a
UV2550 Spectrometer (Shimadzu, Japan).

2.3. Preparation of HRP-HA-Ab label

The signal tag (HRP) was conjugated to the HA antibody to form
the HRP-HA-Ab as described by Tsang et al. (1995), with modifica-
tions. The details of the conjugation procedure can be found in the
Supporting materials.

2.4. Construction of the HA immunosensor

Scheme 1 illustrates the stepwise fabrication of the immunosensor.
The PB-CS-AuNP nanocomposite film was electrodeposited on the
SPCE. Then a solution of HA-Ag was coated on the working surface of
the SPCE. Subsequently, the blocking solution was coated on the
electrode surface to block the possible remaining active sites to avoid
nonspecific binding. Finally, the immunosensor was thoroughly
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Scheme 1. Schematic representation of the HA immunosensor with a one-step electrodeposition of PB-CS-AuNP nanocomposite film using HRP-HA-Ab as the label with the aid of the

electron mediator (HQ) and H,0,.
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washed with 0.01 M PBS and stored at 4 °C until used. For detection
the modified immunosensor was immersed in a 1/15 M PBS solution
containing 1 mM HQ and 1.44 mM H,0,. The change in the electro-
chemical cathodic current before and after addition of H>O» was used
as the signal response. The detailed steps of immunosensor construc-
tion as well as the diagram of the portable sensor and electric circuit
can be found in the Supporting materials (Figs. S1 and S2).

2.5. Statistical design and analysis

To better understand the effect of assay conditions on immuno-
sensor performance, the single-factor data were subjected to analysis
via the Box-Behnken design with a total of three factors, one at each of
the three levels. It includes 14 experimental points per test. The
complete experiment was repeated three times to statistically develop
the second order polynomial model shown in Eq. (1).

3 3 3 3
Y=40+ ) piXi+ Y BiiXiXi+ ), Y BijXij

i=1 j=i+l

1)

Where Y represents the response variable; B, is the interception
coefficient; f;, coefficient of the linear effect; By, coefficient of quadratic
effect; By, the coefficient of interaction effect; and X; and X; are
independent variables. Experiments were designed and analyzed in
Design-Expert version 10 software (Stat-Ease, Inc., Minneapolis, MN,
USA). Each independent variable was coded at three levels, -1, 0 and 1,
corresponding to a low un-coded level, middle and high levels,
respectively.

i=1 i=1

2.6. Preparation of fish samples

The fish samples were prepared as described by Luo et al. (2014).
Fish samples were homogenized and spiked with the HA standard, and
then submitted for extraction and derivatization. A dilution of 1:100
was used with all samples to eliminate the matrix effects, and then the
samples were submitted for immunosensor analysis.

3. Results and discussion

3.1. Characterization of PB-CS-AuNP and electrochemical behavior
of the HA immunosensor

SEM was used to characterize the morphology of the electrodepos-
ited PB-CS-AuNP nanocomposite film on the SPCE. As shown in
Fig. 1A, the nanocomposite film resembles a bunch of grapes, with a
high surface area, and is homogeneously spread out on the surface of
the electrode. PB-CS and AuNPs-CS were equally deposited on the
electrodes. In Fig. 1B and C shows the PB-CS has some heterogeneous
bulges and scattered AuNPs are spread on the AuNPs-CS film.
Compared to PB-CS and AuNPs-CS films, PB-CS-AuNP were clearly
surrounded by a blurry film with a cluster, which was attributed to the
adhesion of CS on PB wrapped with AuNPs. This phenomenon may be
exhibited by energy dispersive X-ray analysis (EDX, Fig. 1D) and is
consistent with an earlier research report (B. Wang et al., 2014).

The CVs of the different modified electrodes in the 0.1 mol/L KCl
solution containing 1 mmol/L [Fe(CN)c]>~/#~ at a scan rate of 50 mV/s
are shown in Fig. 1E. Compared to the bare SPCE, the oxidation/
reduction currents are all enhanced on the AuNPs-CS, PB-CS and PB-
CS-AuNP modified SPCE. The sequence for the values of electroactive
surface areas (A) for the different electrodes is the following: PB-CS-
AuNPs/SPCE > PB-CS/SPCE > AuNPs-CS/SPCE > SPCE (Zhou
et al., 2008). It is clear that the PB-CS-AuNP film modified SPCE has
more favorable electron transfer kinetics.

Traditionally, the immunosensor was developed using a two-step
method, the first antibody would capture the coating antigen followed
by the addition of an enzyme labeled second antibody, which is a
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common commercial product (Zang et al., 2013; He et al., 2015). This
method requires two incubation and washing steps. To save assay time
and simplify the procedure, we directly labeled HRP to the HA
antibody to form a bi-functional reagent (HRP-HA-Ab). As shown in
Fig. 1F, the synthesized HRP-HA-Ab demonstrated qualitative differ-
ences between HRP and the Ab in the UV-vis spectra, suggesting a
successful conjugation of HRP to the HA antibody.

3.2. Optimization of analytical conditions for the immunosensor

Several analytical conditions were optimized, such as the dilution
ratio of HRP-HA-AD, the dilution ratio of HA-Ag, the incubation time
of HRP-HA-Ab and

HA-Ag, and the concentration of H,O,. A single-factor test was
applied and the results are shown in the Supporting materials (Fig. S3).
When testing the dilution needed for HRP-HA-ADb, the signal response
exhibited a continuous increase until the dilution ratio reached 1:100,
and the response value showed a slight decrease when the dilution ratio
was further reduced. Therefore, the dilution ratio of 1:100 was chosen
for subsequent experiments. Similarly, a dilution ratio of 1:200 for HA-
Ag, and a 2 h incubation time and 1.44 mM for the H,O, concentration
were chosen for the optimal assay conditions.

To further optimize the assay conditions, a Box-Behnken analysis
based on the results of a single-factor test was applied. The proposed
values vs. actual values (Table S1), and model analysis (Table S2)
suggested the suitability of the developed model for the immunosensor
signal response. The contour plots resulting from the Box-Behnken
analysis can also be found in the Supporting materials (Fig. S4). The
data shows that the dilution ratio of 1:166 for HA-Ag, the dilution ratio
of 1:62 for HRP-HA-Ab, and the incubation time of 2.2 h would
produce the highest signal response for the immunosensor
(12.28 pA) with a relative standard deviation (RSD) of 0.036. It should
be noted that these optimal values are important references for the
experiment. Since the optimal conditions of Box-Behnken analysis are
very similar to the single-factor test, the conditions used for the
following study include the dilution ratio of 1:200 for HA-Ag, the
dilution ratio of 1:100 for HRP-HA-Ab, and the incubation time of 2 h.

3.3. HA immunosensor performance

Under optimal conditions, the constructed immunosensor based on
the PB-CS-AuNP platform and HRP-HA-AD label was applied to detect
different concentrations of HA (0.01, 0.05, 0.1, 0.5, 1, 5, 50 and 100 ng/
mL) (Fig. 2). In a typical competitive immunoassay, a standard HA
solution was added at equal volumes into the incubation solution
containing 0.1 mg/mL HRP-HA-Ab. Then 6 puL of the mixture was
immediately incubated on the immunosensor surface. HA in the incuba-
tion solution was then free to compete with the immobilized HA-Ag on the
immunosensor surface to combine with the limited binding sites of HRP-
HA-AD and form an immunocomplex. A low concentration of HA resulted
in a larger current change due to the formation of more immunocomplex
on the sensor surface. Alternatively, a high concentration of HA resulted in
little current change, and Al gradually decreased with the increase in HA
concentrations (Fig. 2B). Furthermore, a linear response was discovered
between AI and the logarithm of the HA concentration in the range of
0.01-100 ng/mL represented by AI (pA) = (6.48 + 0.1) — (2.5 + 0.08) x
lg Cya (ng/mL) with a correlation coefficient of 99.3%, where Al is the
current change and C is the HA concentration. In addition, according to
the equation (Analytical Chemistry Division, 1978): X1, = Xp; + 3sp1, where
x1, is the detection limit, xy,; is the mean signal of the blank measurement,
Sp1 is the standard deviation of the blank measurement, and a value of 3 is
chosen for the equation constant. For practical purposes this corresponds
to about a 90% confidence level, while the detection limit can be calculated
at 1.25 pg/mL. Finally, we compared the analytical performance of the
constructed electrode with some recent references (Supporting materials,
Table S3). The comparison revealed that the developed sensor has a wider
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Fig. 1. A) Characterization of PB-CS-AuNP; B) PB-CS; C) AuNPs-CS; D) nanocomposite films by SEM imaging, and EDS analysis of PB-CS-AuNP; E) the two inset illustrations are the
elemental mappings of Fe (pink) and Au (yellow); and F) Cyclic voltammograms at a scan rate of 50 mV/s. (a), (b), (¢) and (d) are from a bare SPCE, AuNPs-CS/SPCE, PB-CS/SPCE and
PB-CS-AuNPs/SPCE, respectively, in 0.1 mol/L KCl solution containing 1 mmol/L [Fe(CN)e]>/47; These curves are the UV-vis spectra of: (a) HRP, (b) HA-ADb and (c) HRP-HA-Ab.

linear range, lower detection limit and higher sensitivity than other
published sensors.

3.4. Specificity, reproducibility and stability of the immunosensor

To evaluate the selectivity range of the immunosensor for detection
of HA, the cross-reactivity (CR) against a range of analogues compared
to HA, such as r-histidine, trytamine, tryamine, phenethylamine and
cadaverine were examined under the same experimental conditions. As
shown in Table S4 (Supporting materials), The CRs were lower than
0.1% for all the analogues tested, suggesting that these analogues
should not interfere with HA detection. Although, these structural
analogues also belong to the same class of biogenic amines, and some
of them have a similar chemical structure as HA, this electrochemical
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immunosensor demonstrated a high specificity for the detection of HA.
The superior specificity of the developed immunosensor is partially
determined by the characteristics of the prepared antibody.

The reproducibility of the immunosensor is an important parameter
for assessing its practical application. In this study, reproducibility was
confirmed by six measurements at every HA concentration, which resulted
in the relative standard deviations of 2.5%, 1.85% and 3.61% at HA
concentrations of 0.4, 4 and 40 ng/mL, respectively.

The stability of the biosensor was also explored by periodically
evaluating its catalytic current response. When the biosensor was not in
use, it was stored in a refrigerator at 4 °C. After 2 weeks, the catalytic
current of the immunosensor was about 84.3% of its original value
(which decreased by about 15.7%), indicating retention of the specific
binding ability of the antigen was acceptable.
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Fig. 2. A) Cyclic voltammograms; and B) calibration curve of the immunosensor and the relationship (inset in (B)) between the concentration of HA (Cy,) and the current response (AI)

of the standard solution.
3.5. Detection of HA in spiked fish samples

Fish samples were analyzed after spiking with HA concentrations at 0.4,
4, and 40 ng/mL (n = 3). Average recoveries were observed from 97.25% to
105% with the coefficient of variance (CV) ranging from 0.91% to 2.07%
(Table S5). These results demonstrated that the matrix effect of the samples
was negligible using the described sample preparation method.

To confirm the reliability of the constructed immunosensor, por-
tions of the spiked fish samples were also subjected to HA analysis by
LC-MS/MS. The results of the immunosensor were in good agreement
with those of LC-MS/MS (Table S5), revealing good reliability and
accuracy for the immunosensor.

4. Conclusion

In summary, we have developed a PB-CS-AuNP nanocomposite film
and HRP-HA-Ab label based platform that can be used to develop a
super-sensitive immunosensor for the determination of HA in fish
samples. The immunosensor can determine HA in the range of 0.01-
100 pg/mL in fish samples, with only a simple sample pretreatment.
The developed electrochemical immunosensor exhibited good specifi-
city, acceptable stability and reproducibility, which was necessary for
screening HA residues in fish samples. The immunosensor platform
also should be useful for developing super-sensitive analytical methods
for other molecules.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.bios.2017.07.014.
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